CTCF is a highly conserved zinc finger protein that is involved in many cellular functions, including gene repression (3, 8, 49) , gene activation (9) , chromatin insulator function (5, 6, 9, 36) , and the maintenance of genomic imprinting (21, 25, 55) . CTCF prevents initiation and/or spreading of DNA methylation of imprinted genes (24, 56, 62, 66) . It is also implicated in carcinogenesis, and missense mutations in its zinc finger DNA binding domain have been described in breast, prostate, and kidney tumors (27) . The CTCF protein plays a role in another epigenetic process, X chromosome inactivation (11, 58) .
Recently, CTCF has been implicated in genomic organization, mediating intrachromosomal interactions at the ␤-globin HS4 insulator (64) , the H19/IGF2 imprinting control region (44, 74) , and the major histocompatibility complex class II genes (50) , as well as interchromosomal interactions between the IGF2 locus on human chromosome 11 and the Wsb1 locus on chromosome 7 (47) . Interestingly, CTCF is required for site-specific binding of cohesin proteins throughout the genome, and cohesin has been implicated in insulator activity (57, 65, 69) . Several bioinformatic and chromatin immunoprecipitation studies have recently estimated that there are around 15,000 CTCF binding sites in the human genome. These CTCF binding sites have been found to delineate the boundaries of different chromatin regions, and many of these binding sites possess insulator activity (4, 41, 53, 71, 72) . Despite the important role that CTCF plays in gene expression, the molecular mechanisms underlying its many functions remain enigmatic.
CTCF is posttranslationally modified by both phosphorylation and poly(ADP) ribosylation (43, 75) . Phosphorylation of CTCF relieves its repressive activity at the c-myc P2 promoter (22, 43) , and its poly(ADP) ribosylation is needed for it to act as an insulator protein (42, 75) . We have now added another level of complexity to CTCF's multiple functions by finding that it is posttranslationally modified by the SUMO (for small ubiquitin-like modifier) proteins.
The SUMO proteins are members of the family of ubiquitinlike proteins that covalently modify their target proteins (40) . SUMO proteins are roughly 100 amino acids long, about 20 amino acids longer than ubiquitin. Their three-dimensional structure is similar to that of ubiquitin, although they are only 18% identical in sequence (28, 29, 60, 63) . SUMO 1 differs in sequence by about 50% from SUMO 2 and 3, which are about 97% identical. The biochemical pathway for the modification of proteins by SUMO proteins is mechanistically similar to, but distinct from, that of ubiquitin (28, 29) .
Unlike polyubiquitin, SUMO modification of a protein does not target it for degradation. The list of SUMO-modified proteins is expanding rapidly. Many of them play key roles in transcriptional regulation, chromatin structure, and DNA repair. Since SUMOylation is often associated with the repression of gene expression, and genomic imprinting and insulator function involve the silencing of genes, we asked whether the CTCF insulator protein was SUMOylated.
We report that the CTCF protein can be modified by SUMO 1, 2, and 3. We have identified two major sites of SUMOylation, one in the COOH-terminal domain and one in the NH 2 -terminal domain. These sites are conserved from fish to mammals. We show that the SUMO modification is functionally important for the repressive action of CTCF on the c-myc P2 promoter. Furthermore, we found that the Polycomb group protein Polycomb 2 (Pc2) likely acts as a SUMO E3 ligase in the SUMOylation of CTCF. Finally, we report that CTCF is colocalized with the Pc2 protein to nuclear particles called Polycomb bodies. Our findings suggest that the SUMOylation of CTCF is involved in the organization of repressive chromatin domains involving CTCF-responsive genes.
bovine serum and 1% penicillin/streptomycin. HEK 293 cells were transfected using calcium phosphate as previously described (19, 20) . HeLa cells were transfected using Fugene 6 transfection reagent (Roche Diagnostic Products), according to the manufacturer's instructions.
Plasmids and cloning. HEK 293 cDNA was prepared from total RNA isolated using Tri Reagent (Sigma) and was reverse transcribed with Superscript II (Invitrogen) using random hexamers. The coding sequence of Ufm1 (for ubiquitin fold-like modifier 1) (NM_016617) and the coding sequences for the processed forms of SUMO 1 (NM_001005781.1; nucleotides [nt] 149 to 439), SUMO 2 (NM_006937.3; nt 170 to 448), and SUMO 3 (NM_006936.2; nt 162 to 437) were PCR amplified from HEK 293 cDNA using the primers listed in Table 1 . The PCR products were cloned into the plasmid pCMVmyc, which contains the cytomegalovirus promoter and an N-terminal myc tag (2) . CTCF mouse cDNA (36) (a gift from S. Tilghman and C. Schoenherr) was PCR amplified and cloned into the plasmid pMZS3F (78) (a generous gift of J. Greenblatt) containing a C-terminal calmodulin binding peptide, a tobacco etch virus protease cleavage site, and a three-FLAG tag. Mutagenesis reactions were carried out using Stratagene's QuikChange Multi site directed mutagenesis kit or QuikChange XL site directed mutagenesis kit. The sentrin-specific protease 1 (SENP1) and SENP5 expression vectors (a generous gift from E. T. Yeh) were previously described (12, 31) . The T7-Pc2 expression vector (a generous gift from D. Wotton) was previously described (39) . The DNA encoding the NH 2 -terminal and COOHterminal domains of CTCF (amino acids 1 to 266 and 570 to 736, respectively) was PCR amplified from a cDNA clone and cloned into the vector pGEX4T-1 (Amersham) using the primers listed in Table 1 to create NH 2 -terminal glutathione S-transferase (GST) fusions of the two domains.
Purification of NH 2 -and COOH-terminal domains and in vitro SUMOylation. Overnight cultures of Escherichia coli BL21 cells grown in LB containing 100 g/ml ampicillin at 37°C and 300 rpm were diluted 1:10 in fresh LB plus ampicillin and grown at 30°C and 250 rpm until an optical density at 600 nm between 0.8 and 1.0 was reached. The GST fusion domains were expressed by induction with 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 20°C. Protein was purified using glutathione resin (Amersham) and eluted using reduced glutathione. Purified protein was dialyzed against 20 mM HEPES, pH 8.0, 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 1 mM dithiothreitol and quantified using the Bio-Rad protein assay.
A SUMOylation control kit for SUMO 1 was purchased from LAE Biotech International (catalog no. K007) and used according to the manufacturer's instructions. Additional SUMO 1, 2, and 3 proteins were purchased from Boston Biochem, Inc. (catalog no. Uh-752 and Uh-762). Briefly, 5 l of in vitro-translated CTCF or 0.5 g of the purified GST-tagged CTCF domain was incubated with the recommended amounts of E1 and E2 enzymes and 2 mM ATP, with or without SUMO proteins, in a 20-or 10-l reaction mixture for 1 h at 37°C. The reaction mixture was used in electrophoretic mobility shift assays or analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Western blotting and probing with the appropriate antibody (anti-CTCF C-20 or N-17; Santa Cruz Biotechnology). In the case of 35 S-labeled CTCF, the gel was dried and exposed to a phosphorimager screen.
Immunoprecipitation and Western blotting. Ten-centimeter dishes of confluent HEK 293 cells overexpressing the tagged proteins were lysed in 200 l of buffer containing 62.5 mM Tris-Cl, pH 6.8, 2% SDS, 10% glycerol, protease inhibitor cocktail (Sigma), and 1 mM N-ethyl maleimide by boiling them for 5 min. The lysates were then sonicated three times for 5 s each time to reduce viscosity, followed by centrifugation at 15,000 rpm for 15 min to remove cellular debris. The lysates were diluted fivefold with dilution buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 1% NP-40) incubated with Sepharose Protein G resin (GE Healthcare) and 5 g of anti-FLAG antibody at 4°C for 3 to 16 h. The immunoprecipitates were washed three times in wash buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.1% NP-40), boiled in 2ϫ SDS-PAGE loading buffer, separated by SDS-PAGE, and electroblotted onto polyvinylidene difluoride (PVDF) membranes (GE Healthcare). The membranes were incubated in mouse anti-FLAG M2 (Sigma; F-3165), rabbit anti-myc (Abcam; ab9106), or goat anti-beta-actin (Abcam; ab8229) primary antibody and horseradish peroxidase-conjugated secondary antibodies (Santa Cruz) and detected using ECL Western Blotting Detection Reagents (GE Healthcare; RPN2109). In immunoprecipitation experiments for Pc2 E3 ligase activity, HeLa cells were transfected using Fugene 6. The T7-Pc2-transfected HeLa cell lysates were precleared of Pc2 using 20 l of a 50% slurry of anti-T7 agarose (Abcam; ab1230) prior to immunoprecipitation of CTCF with anti-FLAG antibody as described above. The detection of the endogenous SUMOylation of CTCF was performed by lysing five confluent 15-cm tissue culture dishes of HEK 293 cells in 1 ml of lysis buffer by boiling them in a kettle for 10 min. The lysate was sonicated to reduce the viscosity, centrifuged as before, and diluted 10-fold with dilution buffer containing 1 mM N-ethyl maleimide. In each immunoprecipitation, 2 ml of the diluted lysate was added to Sepharose-protein G resin and 10 g of anti-SUMO 1 (D-11) antibody (Santa Cruz) or 10 g of mouse immunoglobulin G (IgG) (Santa Cruz) as a control and was incubated at 4°C for 16 h. The immunoprecipitates were washed three times in wash buffer (50 mM Tris-Cl, pH 8.0, 250 mM NaCl, 0.1% NP-40, and 1 mM N-ethyl maleimide), boiled in 2ϫ SDS-PAGE loading buffer, separated by SDS-PAGE, and electroblotted onto a PVDF membrane as before. The membrane was probed with anti-CTCF (C-20) antibody (Santa Cruz) and horseradish peroxidase-conjugated secondary antibody and detected using an ECL Plus Western blotting detection system (GE Healthcare; RPN2132).
Immunofluorescence staining and confocal microscopy. HeLa cells grown on glass coverslips were fixed in 3% (wt/vol) paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at 37°C. The cells were then washed two times in PBS at 37°C. The cells were permeabilized with 1% (wt/vol) Triton X-100 in PBS for 5 min at room temperature and blocked in 3% (wt/vol) bovine serum albumin in PBS for 30 min at 37°C. The coverslips were then incubated with anti-CTCF primary antibody (1:50 dilution) (BD Biosciences; 612148) or anti-CTCF (1:25 or 1:10 dilution) (Santa Cruz Biotechnology; N-17), anti-Pc2 (1:200 dilution) (Abcam; ab4189), anti-promyelocytic leukemia protein (PML) (1:50) (Santa Cruz Biotechnology; PG-M3), or anti-SC-35 (1:200 dilution) (Sigma) at 37°C for 1 h, followed by two washes in 0.05% Tween 20 in PBS at 37°C. The coverslips were incubated in secondary antibodies conjugated with Texas Red or fluorescein isothiocyanate (Jackson ImmunoResearch), Alexa 488, or Alexa 647 (Invitrogen) at 37°C for 1 h, washed with 0.05% Tween 20 in PBS at 37°C, and mounted with Prolong Gold antifade reagent (Invitrogen). Cell samples were examined using a Zeiss 63ϫ numerical aperture PlanApo objective lens. Images were recorded using a Zeiss LSM 510 confocal laser microscope. The colocalization of CTCF and Pc2, SC-35, or PML was determined using the ImageJ JaCOP colocalization plug-in (7; http://rsb.info.nih.gov/ij/).
Luciferase reporter assays. The HEK 293 cells were split and seeded into 12-well plates at a density of 2 ϫ 10 4 to 2.5 ϫ 10 4 cells per well 24 h prior to transfection. The cells were transfected using the calcium phosphate-mediated transfection technique. The c-myc P2 promoter-luciferase reporter construct, pGL2XNM-Luc, was the generous gift of L. Penn (23) . The c-myc P2 minimal promoter contains 142 bp of DNA, which includes a CTCF binding site at its 3Ј end (26) . For a typical transfection, 0.5 g of the reporter plasmid DNA was mixed with different amounts of wild-type or mutant CTCF expression vectors plus 0.25 ng of pRL-TK plasmid DNA, which contains the Renilla luciferase gene used as a control for transfection efficiency. The total amount of DNA was kept constant by the addition of pUC18 or pBR322 DNA. The assays were performed as described previously (20) . To assess the transcriptional activity of the c-myc P2 promoter, the firefly luciferase activity was normalized to the Renilla luciferase activity. Each transfection was performed in triplicate, and the experiment was repeated with at least three different DNA preparations. DNA was prepared using the Qiagen Plasmid Midi kit. DNA concentrations were measured by UV spectrophotometry and confirmed by agarose gel electrophoresis.
In vitro transcription/translation of CTCF. Full-length CTCF was prepared by in vitro transcription/translation as described previously (19) . A translation reaction in the absence of CTCF mRNA was used as a negative (unprogrammed) control. To make 35 S-labeled CTCF, we used a translation kit depleted of methionine (Ambion) and supplemented the reaction with L-[
35 S]methionine (Amersham); 80 Ci was used per 100-l reaction mixture.
Electrophoretic mobility shift assay. Assays of in vitro DNA binding were carried out as described previously (19) . The coordinates of the 32 P-labeled PCR fragments used for binding are listed in Table 2 .
RESULTS
CTCF is modified by SUMO 1, 2, and 3. To show that CTCF is posttranslationally modified by the SUMO proteins, we transiently transfected HEK 293 cells with vectors expressing both three-FLAG-tagged mouse CTCF and one of the three myctagged SUMO proteins. Cells were lysed under denaturing conditions, and CTCF was immunoprecipitated using an antibody against the FLAG epitope. The immunoprecipitate was run on a denaturing polyacrylamide gel and electroblotted onto a PVDF membrane. Probing the membrane with an antibody against the myc epitope to detect SUMO-modified proteins revealed that CTCF was modified by each of the three SUMO 1, 2, and 3 proteins (Fig. 1A , lanes 2, 3, and 4). SUMOylated CTCF runs at a position corresponding to a molecular mass slightly above 170 kDa. Transfection of cells with FLAG-tagged CTCF or myc-tagged SUMO proteins alone did not result in a 170-kDa band (Fig. 1A , lanes 1, 6, 7, and 8). The reciprocal experiment, immunoprecipitation with anti-myc antibody for the SUMO proteins and Western blotting for FLAG-tagged CTCF, also showed that CTCF is SUMOylated by all three SUMO proteins (data not shown). To demonstrate that the modification of CTCF is specific to the SUMO proteins, we used a vector containing myc-tagged Ufm1, along with FLAG-CTCF. Ufm1 does not modify CTCF (Fig. 1A, lane 5) . To show that the tag itself was not SUMOylated, the same three-FLAG-tag vector encoding FLAGtagged E. coli beta-galactosidase was cotransfected with the SUMO proteins; LacZ was not modified by the SUMO proteins (data not shown). To demonstrate that endogenous CTCF is modified by SUMO 1, HEK 293 cells were harvested and lysed under denaturing conditions. The lysate was immunoprecipitated using an anti-SUMO 1 antibody and mouse IgG as a control. The immunoprecipitate was run on a denaturing polyacrylamide gel and electroblotted onto a PVDF membrane. Probing the membrane with an antibody against CTCF revealed a high-molecular-weight band of SUMOylated CTCF protein (Fig. 1B, lane 2) that was absent when mouse IgG was used (lane 3). We performed the reciprocal experiment, but we were unable to detect SUMOylated CTCF when immunoprecipitation was done with anti-CTCF antibody due to a lack of sensitivity in Western blotting with anti-SUMO 1 (data not shown).
The SUMOylation reaction requires the presence of a COOH-terminal diglycine sequence on the SUMO molecule for the covalent attachment of the SUMO to the side chain of the target lysine residue. When we mutated the terminal diglycine of SUMO 1 and 2 to dialanine (SUMO 1-AA and SUMO 2-AA), there was a reduction of the SUMOylation of CTCF, thus demonstrating that the modification of CTCF by the SUMO proteins is due to the formation of a covalent bond through diglycine (Fig. 1C, lanes 2 versus 3, and 4 
versus 5).
Residual SUMOylation of CTCF by SUMO 2-AA may be due to the noncovalent interaction of CTCF and SUMO 2.
SUMOylation of CTCF is sensitive to the presence of SENP1 and SENP5 isopeptidases. SENPs are isopeptidases that remove SUMO proteins from their target proteins by cleaving the isopeptide bond between the SUMO and the target lysine residue. These enzymes play a critical role in regulating the amount of SUMOylated target protein in the cell. To gain insight into the specificity of the SUMOylation of CTCF, we cotransfected 293 cells with plasmids that encoded either the SENP1 or the SENP5 protease (generous gifts from E. T. Yeh), in addition to those encoding FLAG-tagged CTCF and one of the three myc-tagged SUMO proteins. The overexpression of SENP1 reduces the SUMOylation of CTCF by SUMO 1 (Fig. 2, lane 3) , whereas the posttranslational modification of CTCF by SUMO 1 is insensitive to the overexpression of SENP5 (Fig. 2, lane 4) . The SUMOylation of CTCF by either SUMO 2 or SUMO 3 was sensitive to the presence of both the SENP1 and SENP5 isopeptidases (Fig. 2, lanes 6, 7, 9 , and 10). These results are consistent with the known specificity of the SENP5 isopeptidase for SUMO 2 and 3 and its known inability to hydrolyze SUMO 1 from target proteins. The SENP1 isopeptidase is known to hydrolyze all three SUMO proteins (31) . CTCF is SUMOylated in vitro by SUMO 1, 2, and 3. To verify the results of the transfection experiments, we asked whether CTCF could also be SUMOylated in vitro. We synthesized 35 S-labeled CTCF using in vitro transcription followed by translation in a rabbit reticulocyte lysate in the presence of 35 S-radiolabeled methionine. We then incubated an aliquot of the lysate in the presence of the SUMO E1-activating enzymes (SAE1/SAE2), the SUMO E2-conjugating enzyme (Ubc9), and one of the three SUMO proteins. As can be seen in Fig. 3A , SUMO 1 efficiently modified the radiolabeled CTCF protein in vitro, as demonstrated by its shift to a more slowly migrating species when run on a denaturing polyacrylamide gel. CTCF was also efficiently modified by SUMO 2 and 3 (data not shown).
SUMOylation of CTCF does not affect its DNA binding ability. CTCF acts as an insulator protein by binding to multiple copies of a nonmethylated consensus sequence upstream of the H19 gene. Methylation of this sequence on the paternal chromosome interferes with its DNA binding (5, 6, 9, 36) . Therefore, it was of interest to know if the posttranslational modification of CTCF by the SUMO proteins would alter its ability to bind to DNA. We incubated 32 P-radiolabeled DNA 10) , and SENP1 (lanes 3, 6, and 9) or SENP5 (lanes 4, 7, and 10). (Top) Whole-cell lysates were immunoprecipitated (IP) with an anti-FLAG antibody (for CTCF), and the immunoprecipitates were subjected to SDS-PAGE, followed by Western blotting with an anti-myc antibody to detect the SUMO modifications. The SUMO 1 modification of CTCF (lane 2) was sensitive to SENP1 (lane 3) but not SENP5 (lane 4), whereas the modifications of CTCF by SUMO 2 and SUMO 3 (lanes 5 and 8) were sensitive to both SENP 1 (lanes 6 and 9) and SENP5 (lanes 7 and 10). This was the expected specificity of the SENPs. (Bottom) The same blot was reprobed with anti-FLAG antibody to show that CTCF was efficiently immunoprecipitated and that the proteases were not simply degrading CTCF nonspecifically.
VOL. 29, 2009 SUMO MODIFICATION OF CTCF 717
on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ fragments containing the H19 CTCF binding sequence or similar CTCF binding sequences from the chicken HS4 ␤-globin FII insulator, the c-myc P2 promoter, and the myc N insulator with in vitro-SUMOylated CTCF and ran the products on native polyacrylamide gels. The electrophoretic mobility shifts of the fragments were not altered by the SUMOylation of the CTCF protein (Fig. 3B) . Competition experiments with an unlabeled DNA fragment supported these conclusions (data not shown). Therefore, we conclude that the posttranslational modification of CTCF by SUMO does not interfere with its ability to bind DNA. It should be pointed out that the modification of CTCF by poly(ADP) ribose, while required for its insulator activity, also does not interfere with its ability to bind DNA (42, 75) . Location of the sites of SUMOylation of CTCF. The CTCF protein has three domains. The central zinc finger DNA binding domain is flanked by an N-terminal domain and a Cterminal domain. Both the C-terminal and N-terminal domains of CTCF contain putative SUMOylation sites (Fig. 4A) . To localize the sites of SUMOylation, we expressed and purified GST-tagged NH 2 -terminal and COOH-terminal domains of CTCF in E. coli. The purified domains were incubated with the E1 and E2 SUMOylation enzymes and SUMO 1. The enzymatic products were resolved by SDS-PAGE and were immunoblotted using an antibody to either the NH 2 -terminal or the COOH-terminal domain of CTCF. We found that the two domains of CTCF were efficiently SUMO modified in vitro (Fig. 4B ). This suggested that there were multiple target sites for SUMOylation in the CTCF protein. This is perhaps not surprising, given the multiple functions attributed to the protein.
It was therefore of interest to identify the target lysine residues SUMOylated in the protein. The SUMO proteins modify the side chain of a lysine residue in the target protein via the formation of an isopeptide bond through the COOH-terminal glycine residues. The modified lysine (K) is often located in a consensus sequence, KXE/D, where is a bulky hydrophobic amino acid and X is any amino acid. The fourth amino acid is commonly glutamic acid but can also be aspartic acid. We searched for likely consensus sequences and found several possibilities located among the three domains of the protein.
We used site-directed mutagenesis to change the lysine residues in these putative target sites to arginine residues. We repeated our immunoprecipitation assay for the detection of SUMOylated CTCF using FLAG-tagged CTCF lysine-to-arginine mutants. When we cotransfected HEK 293 cells with the vectors encoding FLAG-tagged wild-type and mutant CTCF, along with the myc-tagged SUMO proteins, we found that the mutation of lysine 698 located in the consensus sequence VKKE caused an appreciable decrease in the levels of SUMOylated CTCF. This observed decrease in SUMOylation was seen using all three SUMO proteins (Fig. 4C, lanes 3, 6,  and 9 ). Although the mutation of the K residue at this site caused an appreciable decrease in the levels of SUMOylated CTCF, there was still detectable SUMOylation in the presence of the lysine 698 mutation. Therefore, we combined the mutation of the VKKE sequence with mutations in other lysines that were in predicted SUMO consensus sites. We found that the mutation of lysine 74 in the MKTE site, combined with the VKKE mutation at lysine 698, further decreased the SUMOylation of CTCF (Fig. 4C, lanes 4, 7, and 10) . Therefore, the CTCF protein contains at least two strong sites for SUMOylation, one in the NH 2 -terminal domain and one in the COOH-terminal domain. These results are in keeping with the in vitro SUMOylation studies that showed that both the NH 2 -and COOH-terminal domains are SUMOylated. The mutation of lysine residues in several other possible target sites had no effect on the SUMOylation of CTCF (data not shown).
CTCF and Pc2 colocalize to the Polycomb bodies. Polycomb nuclear bodies contain the Pc2 protein, a mammalian homologue of the Drosophila protein Polycomb. The Polycomb (38, 39, 70) . Since CTCF is implicated in the silencing of genes, we asked if it could be found in Polycomb bodies. We therefore stained fixed HeLa cells with antibodies to both CTCF and Pc2 protein and examined the slides by laser scanning confocal microscopy. As shown in Fig. 5A , the two proteins clearly colocalize. As controls, we stained the HeLa cells with antibodies to other nuclear compartments. PML bodies are known to contain a large number of SUMOylated proteins. CTCF did not colocalize with the PML in the PML bodies or with the splicing factor SC-35 in splicing factor compartments ( Fig. 5B and C) . These nuclear bodies are distinct from each other and from the Polycomb bodies (16, 34, 79) . To quantitate the extents of the colocalization of CTCF and Pc2, as well as the SC-35 and PML controls, we used the ImageJ program, with the JaCOP plug-in option and Pc2 proteins is that the latter acts as a SUMO E3 ligase for CTCF. To test this idea, we cotransfected HeLa cells with plasmids encoding FLAG-CTCF and myc-SUMO 1, 2, or 3 in the presence or absence of a plasmid that encoded T7 epitopetagged Pc2 protein (a generous gift from David Wotton). Since the Pc2 protein itself undergoes SUMOylation and this might create a background, we precleared the lysate of SUMOylated Pc2 by immunoprecipitation with anti-T7-agarose resin. We subsequently immunoprecipitated this cleared lysate for CTCF using anti-FLAG antibodies. The addition of the Pc2 plasmid caused a marked increase in the SUMOylation of CTCF by SUMO 2 and 3 (Fig. 6, lanes 2 versus 3, and 10 versus 11 ). This shows that the Pc2 protein is likely the SUMO E3 ligase for CTCF and that it acts on SUMO 2 and 3. Conversely, the SUMOylation of CTCF by SUMO 1 was not increased in the presence of Pc2 and, moreover, was slightly reduced in the presence of the E3 ligase (Fig. 6, lane 5 versus 6 ). The anti-T7 immunoprecipitation cleared most of the T7-Pc2 from the reaction mixture; however, there was residual SUMOylated T7-Pc2 that bound nonspecifically to the protein G-Sepharose and was identified in the Western blot as SUMOylated T7-Pc2. SUMOylation of CTCF controls its repressive activity on the c-myc P2 promoter. Among its many biological functions, CTCF acts to facilitate the repression of several promoters, including the c-myc P2 promoter (3, 8, 49) . Therefore, we examined the importance of the SUMOylation of CTCF for the repressive activity on this promoter. We transiently transfected 293 cells with a plasmid bearing a luciferase reporter driven by a c-myc P2 promoter containing a CTCF binding sequence (a generous gift from Linda Penn). When we co- (A) Cells were stained with mouse antibody to CTCF (red) and rabbit antibody to Pc2 protein (green) and counterstained with anti-mouse Texas Red-labeled antibody and anti-rabbit fluorescein isothiocyanate-labeled antibody. The merged image shows clear colocalization of CTCF and Pc2 (yellow). The Pearson coefficient for the colocalization was calculated using ImageJ and showed a high level of colocalization at 0.829. A value of 1 or Ϫ1 is considered perfect colocalization. (B) Cells were stained with goat antibody to CTCF (red) and mouse antibody to PML (green) and counterstained with anti-goat Alexa 488-labeled antibody and anti-mouse Alexa 647-labeled antibody. The merged image shows that CTCF and PML did not clearly colocalize. The Pearson coefficient for the colocalization was 0.375. These results cannot be interpreted as partial colocalization or as exclusion, since midrange coefficients between 0.5 and Ϫ0.5 are inconclusive (7). (C) Staining with goat antibody to CTCF (red) and mouse antibody to SC-35 (green) with counterstaining as in panel B. The merged image shows that CTCF and SC-35 do not colocalize and are found in different subnuclear compartments. The Pearson coefficient for the colocalization was Ϫ0.008, which is close to zero, an indication of exclusion. The images were generated using confocal laser scanning microscopy. Our protocol used nonionic detergent to permeabilize the fixed cells, and it is possible that the detergent treatment of the cells might have removed a soluble fraction of CTCF from the nucleus. transfected cells with the reporter plasmid and a plasmid that expressed a wild-type version of CTCF, there was a statistically significant and reproducible decrease of promoter activity dependent upon the exogenous source of CTCF (Fig. 7) . However, when we substituted a plasmid in which the MKTE and the VKKE SUMOylation sites were mutated singly or in combination, the repressive effect was decreased. We show that the SUMOylation of CTCF contributes to its repressive activity on the c-myc P2 promoter.
DISCUSSION
In this paper, we report that the multifunctional zinc finger protein CTCF is posttranslationally modified by each of the three SUMO proteins. It had been previously reported that CTCF is modified by phosphorylation and is also poly(ADP) ribosylated (22, 42, 43, 75) . The phosphorylation of CTCF relieves its repressive effects at the c-myc P2 promoter, while poly(ADP) ribosylation has been linked to CTCF's insulator activity. Our findings augment the role of posttranslational modifications in the regulation of CTCF's many functions by showing that SUMOylation is involved in the repressive activity of CTCF.
We have identified two major sites of SUMOylation. The COOH-terminal VKKE sequence is the principal site, whereas modification of the NH 2 -terminal MKTE site is detectable only when the VKKE site has been mutated. The observation that the repressive effect on the c-myc P2 promoter occurs by mutation of a single CTCF SUMO site suggests that the SUMOylation of either site is sufficient to produce the repressive effect. This is in keeping with findings of repressive domains in both the N and C termini of the protein (13, 17, 55) . Both sites are modified by all three SUMO proteins.
Unlike polyubiquitin, which targets proteins for proteolytic degradation by the 26S proteasome, SUMO modifications in vivo are usually not polymeric. Our experiments show that the modification of CTCF results in several CTCF SUMO-modified species that migrate as multiple high-molecular-weight bands during denaturing PAGE. These higher-molecularweight species are enriched in the presence of Pc2. It is pos- FIG. 6 . The SUMO E3 ligase Pc2 increases the SUMOylation of CTCF. HeLa cells were transfected using Fugene 6 transfection reagent with the indicated plasmids. The whole-cell lysates were precleared with anti-T7-agarose resin prior to immunoprecipitation (IP) with anti-FLAG antibodies. After SDS-PAGE and Western blotting, the membrane was probed with anti-myc antibody to detect SUMO 1, 2, or 3 (top) or with anti-FLAG antibody to detect CTCF (middle). SUMO E3 ligase activity was indicated by the increase in the SUMOylation signal in lanes 3 and 11. Pc2 exhibited no SUMO E3 ligase activity for the SUMOylation of CTCF by SUMO 1 (lane 6). CTCF degradation products were also SUMOylated by SUMO 2 and 3 in the presence of Pc2. Flowthrough from the immunoprecipitation was blotted for ␤-actin to show equal loading (bottom).
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on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ sible that the overexpression of an E3 ligase is needed to reveal minor SUMO modification sites in CTCF. It is also possible that the fastest-migrating SUMO-modified band of CTCF is a dimer of two CTCF molecules, as the protein has been previously shown to dimerize. While CTCF is involved in many biological functions, the molecular mechanisms responsible for its repressive activity have remained enigmatic. The posttranslational modification of CTCF by SUMOylation might explain the apparent discrepancy between results that implicate CTCF as a repressor of genes such as c-myc (26) and the fact that the levels of CTCF bound to the c-myc P2 promoter (as detected by chromatin immunoprecipitation) do not change while the rate of transcription of the gene changes widely (30) . It would be interesting to examine the influence of CTCF SUMOylation on the rates of transcription of other CTCF-regulated genes. While our results demonstrate that the SUMOylation of CTCF is needed for its repressive effect on the c-myc P2 promoter, we observed only a twofold effect of derepression by the CTCF mutants. It is possible that there are other SUMOylation sites in the CTCF protein that are not detected due to the limited sensitivity of our immunoprecipitation assays. It is also possible that other posttranslational modifications contribute to CTCF's repressive function at this promoter. This is especially intriguing, since others have reported that phosphorylation of CTCF relieves the repressive effects at the c-myc P2 promoter (43) . Mutating the phosphorylation sites in the C terminus of CTCF to nonphosphorylatable amino acids enhances the repression of CTCF at the c-myc P2 promoter. It is interesting to speculate that the posttranslational modifications of CTCF by SUMOylation and phosphorylation compete to regulate the repressive function of CTCF at the promoter. In keeping with this idea, the SUMOylation and phosphorylation of some proteins are reciprocally regulated (1, 33, 35, 59, 67) . Therefore, while searching for putative SUMO sites in CTCF, we mutagenized lysines 605 and 606 (underlined) in the sequence SKKE, which is very close to the sites of phosphorylation by CK2. However, neither of these lysine residues was found to be SUMOylated (data not shown). One may speculate that CTCF might also be modified by different combinations of the SUMO proteins at the different sites and that the change in SUMO could regulate different biological functions.
We found that CTCF and the Pc2 protein colocalized to the particulate nuclear structures called Polycomb bodies. The particles contain several Polycomb proteins, including Pc2, RING1, BMI1, Rae28, HPH1, and HPH2 (61) . The Pc2 protein acts as a SUMO E3 ligase for certain proteins, notably the transcriptional corepressor protein CtBP, the protein kinase HIPK2, and the DNA methyltransferase Dnmt3a (38, 39, 46, 59, 70) . We showed that Pc2 increases the SUMOylation of CTCF by SUMO 2 and 3, but not by SUMO 1, in transfection experiments. This is the first report of a SUMO E3 ligase exhibiting specificity with respect to the individual SUMO used for the modification of the substrate protein. We note that the overexpression of Pc2 decreased the modification of CTCF by SUMO 1. It is possible that Pc2 depletes the pool of SUMO 1 molecules by SUMOylating other substrate proteins with SUMO 1, thus decreasing the amount of SUMO 1 available for the modification of CTCF by another E3 ligase. In the future, it would be interesting to identify the E3 ligase for the modification of CTCF by SUMO 1. We were unable to detect the SUMO E3 ligase activity of purified Pc2 protein upon CTCF in vitro, although we did demonstrate that CTCF and Pc2 interacted directly in vitro (data not shown). It would also be interesting to determine whether the SUMOylation of CTCF is required for its localization to the Polycomb bodies and if the CTCF lysine mutants that are not SUMOylated also localize to these bodies.
The Polycomb bodies seem to act as sites of SUMOylation within the nucleus. The Pc2 protein is itself SUMOylated, although its SUMOylation is not required for its localization to the Polycomb bodies or its E3 ligase activity (38) . It is noteworthy that the Drosophila myc gene is repressed by the Pc protein (32) . We were unable to detect an effect of human Pc2 on the c-myc P2 promoter, since Pc2 repressed the expression of the Renilla luciferase reporter used to normalize the luciferase data. The Polycomb proteins are named after their Drosophila counterparts, which function in the establishment of repressive chromatin domains. They establish cellular memory by acting as regulators of epigenetically mediated transcriptional silencing through mitotic cell divisions. Since CTCF is involved in repression and genomic imprinting, it is attractive to postulate that it is involved in the docking of repressed genes into the Polycomb bodies, thus implicating CTCF in the maintenance of the epigenetic memory. It is also possible that CTCF tethers repressed genes to the Polycomb body in a manner similar to that suggested for its role in tethering insulators to nucleoli (76, 77) . The Drosophila Ctcf homologue also FIG. 7 . SUMOylation of CTCF contributes to its repressive effect on the c-myc P2 promoter. HEK 293 cells were transfected with 500 ng of the c-myc P2 luciferase reporter construct either with no added CTCF-encoding plasmid (far left black bar) or with 10, 50, or 100 ng of plasmid DNAs encoding either wild-type CTCF or CTCF bearing mutations in the SUMO modification sites. The luciferase activities were measured as described in Materials and Methods and were normalized to the activity of a cotransfected plasmid encoding Renilla luciferase. The repressive effect of CTCF on the promoter is shown by the concentration-dependent four-to fivefold reduction in luciferase activity (black bars). This reduction was partially decreased by either the single VRKE or MRTE mutation or the double VRKE and MRTE mutations, which decrease the SUMOylation of CTCF. The asterisks indicate that the results were statistically significant (P Ͻ 0.05) when a pairwise Student t test was used to compare the CTCF mutants to the wild-type conditions. (45) . Numerous publications have also highlighted CTCF's role in organizing the nuclear architecture of mammalian cells. CTCF is thought to mediate its insulator function by organizing chromatin into looped domains (47, 64) that occur even between chromosomes. A role for CTCF binding sites has been demonstrated in X chromosome inactivation (11, 54) , and CTCF has been implicated in the pairing between the two X inactivation centers that precedes the choice for X inactivation (18, 73) . Three recent publications have demonstrated another role for CTCF in nuclear architecture, showing that cohesins bind specifically to CTCF binding sequences (57, 65, 69) . It will be important to determine the molecular mechanisms responsible for CTCF's role in genomic organization and the role that the SUMOylation of CTCF plays in these functions.
The CTCF protein has multiple functions in several eukaryotic organisms. Our observations considerably expand the repertoire of posttranslational modifications that may play roles in regulating this multiplicity of functions. It is not known whether CTCF's nuclear localization changes depending upon whether it is acting as a repressor, activator, or insulator protein. It is noteworthy that the SUMO sites we have identified in the mouse protein are conserved in vertebrates from fish to mammals. Although the actual SUMO sites in the vertebrate proteins are not conserved in the Drosophila protein, there are several high-probability putative SUMO consensus sites in both its NH 2 and COOH termini. Since SUMOylation has recently been found to attenuate the function of the gypsy insulator in Drosophila (10) and since Drosophila Ctcf is involved in insulator function (45) , it would be of interest to learn whether the CTCF of flies is also SUMOylated. It would also be valuable to learn the effects of SUMOylation on insulator activity in vertebrates.
In this paper, we have focused on the role of SUMOylation in CTCF function. However, it has not escaped our attention that basic residues, such as lysine and arginine, that are commonly modified in histones can also be methylated and acetylated and that such modifications can also affect the activity and stability of nonhistone proteins, for example, p53 (14, 48) . Further studies of the roles of posttranslation modifications in the molecular mechanisms of CTCF functions are warranted.
